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Abstract

Zebrafish epilepsy models are emerging tools in experimental epilepsy. Zebrafish larvae, in
particular, are advantageous because they can be easily genetically altered and used for
developmental and drug studies since agents applied to the bath penetrate the organism
easily. Methods for electrophysiological recordings in zebrafish are new and evolving. We
present a novel multi-electrode array method to non-invasively record electrical activity from
up to 61 locations of an intact larval zebrafish head. This method enables transcranial non-
invasive recording of extracellular field potentials (which include multi-unit activity and EEG)
to identify epileptic seizures. To record from the brains of zebrafish larvae, the dorsum of
the head of an intact larva was secured onto a multi-electrode array. We recorded from indi-
vidual electrodes for at least three hours and quantified neuronal firing frequency, spike pat-
terns (continuous or bursting), and synchrony of neuronal firing. Following 15 mM
potassium chloride- or pentylenetetrazole-infusion into the bath, spike and burst rate
increased significantly. Additionally, synchrony of neuronal firing across channels, a hall-
mark of epileptic seizures, also increased. Notably, the fish survived the experiment. This
non-invasive method complements present invasive zebrafish neurophysiological tech-
niques: it affords the advantages of high spatial and temporal resolution, a capacity to mea-
sure multiregional activity and neuronal synchrony in seizures, and fish survival for future
experiments, such as studies of epileptogenesis and development.

Introduction

Zebrafish have recently emerged as a useful experimental epilepsy model [1-6]. Zebrafish lar-
vae are easy to breed in large quantities, have a well-developed vertebrate central nervous sys-
tem, share a basic homologue brain organization with all vertebrates, and have high genetic
and physiological similarity with humans [7]. Specifically, zebrafish larvae epilepsy models
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offer several advantages that include rapid development (fish have a fully formed brain and spi-
nal cord 5-7 days post fertilization [dpf]), transparency to visible light, and the easy uptake of
compounds added to their surrounding [8, 9]. Thus, they are an efficient model system for
developmental studies and for pharmacological screening experiments [10, 11]. Genetic alter-
ations are faster and easier in zebrafish than in other vertebrates and can be made either by cre-
ating transgenic lines via mutagenesis (e.g., by N-ethyl-N-nitrosourea, ENU), antisense
morpholino oligonucleotides injection, or by application of the clustered regularly interspaced
short palindromic repeats (CRISPR)/ CRISPR-associated (Cas) 9 technology [12-17].

Recent studies demonstrate that behavioral assays and electrophysiological field potential
recordings in zebrafish can detect seizures [1, 6, 10, 11, 18]. Current methods for in vivo zebra-
fish brain electrophysiological recording involve the use of a single glass electrode positioned
either into the intracranial space or on top of the cranium of a paralyzed fish, restrained in aga-
rose [1, 6]. To complement this method, we developed a novel noninvasive technique for tran-
scranial field potential recording with the use of a 61-channel microelectrode array (MEA) and
without the embedding of the fish in agarose to improve survival.

To test whether epileptic seizures can be detected by our method, we applied two common
chemoconvulsants, potassium chloride (KCl) and pentylenetetrazole (PTZ), to the bath fluid of
intact larvae (ages 4-5 days post fertilization, dpf) and compared the recordings with those
from untreated wild-type larvae. The use of high extracellular KClI serves as a non-synaptic sei-
zure model where an increase in the K*-driving force into the cell leads to membrane depolari-
zation, activation of voltage-gated sodium channels, and subsequent firing of action potentials.
PTZ, on the other hand, acts trans-synaptically by blocking gamma aminobutyric acid
(GABA)-A receptors and thereby inhibiting dominant inhibitory networks [19].

With our technique, the fish remains viable for repeated recordings and the multiple elec-
trodes enable not only more efficient detection of epileptiform discharges, but also measures of
spatial distribution of the recorded signals. MEA systems were initially developed for isolated
brain slice and cultured neuron recordings, and are now commonly available cost-efficient
bench-top electrophysiological recording systems. Thus, the described method expands the
capacity of the neuroscience community to study seizures in zebrafish.

Material and Methods
Animals and maintenance

Twenty-two wild-type zebrafish larvae (AB strain) were raised at 28.5°C under standard aqua-
culture conditions. All animal care procedures were reviewed and approved by the Institutional
Animal Care and Use Committee of Boston Children’s Hospital. Animals were monitored
daily. Larvae chosen for experimentation did not become ill and did not die prior to the experi-
mental endpoint. Animals did not receive medical treatment but larvae of the same dish as the
ones used for experimentation, were humanely euthanized if they exhibited symptoms indica-
tive of illness/moribundity. After experimentation, larvae were first anesthetized with ice
cooled fish water and then frozen for euthanasia.

Electrophysiology

Prior to electrophysiological recordings, each larva was anesthetized with ice cold fish water
and then transferred to a slice chamber (MED-P2H075; Alpha MED Sciences, Osaka, Japan) of
a MED64 System (Fig 1a). Electrodes were 20 pm in diameter and located 70 pm apart from
each other; impedance per electrode was 10 kQ. Fig 1b shows a nylon mesh and a slice anchor
for securing the larva.
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Fig 1. Tools and steps for larva-mounting and timeline of recording. a: Electrode chamber used for recordings (scale: 10 mm). b: Nylon mesh and
slice anchor used to hold larva in place (scale: 5 mm). ¢: Placement of larva onto its dorsal side into the chamber with a drop of water (scale: 300 um). d:
Securing larva with nylon mesh (scale: 300 um); microelectrode array is highlighted with red dots for enhanced visibility in this photo and the next. e:
Larva positioned with head onto the microelectrode array (scale 300 um). f: Timeline for experiments—each starting with a 15 min acclimation period, a
30 min control recording, and a 30 min recording time after drug application.

doi:10.1371/journal.pone.0156498.g001
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Each larva was first positioned onto its dorsal side into the chamber (Fig 1¢), then secured
with the nylon mesh (Fig 1d) and the slice anchor. Subsequently, the head of the larva was posi-
tioned onto the electrode grid (Fig 1e). The recording chamber was then carefully filled with
carbogenated artificial cerebrospinal fluid (aCSF). The choice to record in aCSF was made due
to the delicate structure of the larval cranium and concern for possible penetrance of free water
into the intracranial space when the fish head was pressed against the MEA by the slice anchor.
The aCSF contained 124 mM NacCl, 3 mM KCI, 26 mM NaHCOj3, 2 mM CaCl,, 1 mM MgSO,,
1.25 mM NaH,PO,, 10 mM Glucose (pH 7.4). The electrode chamber was connected to the
MED64 hardware and a constant flow of aCSF to the chamber was established at a rate of
2 ml/min.

The larva acclimated for at least ten minutes at room temperature (RT) before recordings
began (Fig 1f). Baseline spontaneous recordings were made for a minimum of 30 min followed
by drug addition. We added either 15 mM KCl or 15 mM PTZ to the aCSF (pH 7.4 after addi-
tion of drugs maintained by bicarbonate buffer) and recorded for a minimum of 30 min
(Fig 11).

Spontaneous voltage recordings were amplified, band-pass filtered between 0.1 and 100,000
Hz, and digitized using the MED64 hardware at 20 kHz sampling rate per channel.

Data analysis

We recorded a wide-band local field potential signal, which can contain both extracellular
multi-cell action potentials (synonymous terms used in the manuscripts are “spikes” or
“units”) and EEG [5]. To isolate multi-unit action potentials, traces were high-pass filtered at
or above 100 Hz and spike-number was obtained using window discrimination. To obtain EEG
waveforms, raw data traces were band-pass filtered at 1-70 Hz.

Spike times, as well as spike rate, obtained for 1800 seconds for each channel during baseline
and after drug application, were extracted from the data set. For quality control, we only ana-
lyzed data from experiments that had a minimum of 15 channels showing spontaneous action
potentials (defined as “active channels”). Channels that did not show any activity were
excluded from analysis. Bursts were defined as spike rates (number of spikes within one second
bin) that exceeded twice the standard deviation of the average spike rate and contained a mini-
mum spike frequency of 4 spikes/sec. Averages per fish were computed from spike rate and
burst count across all active channels.

While each fish served as an internal control, to test stability and continuity of baseline fir-
ing, we additionally completed seven experiments, each 3600 seconds long, of spontaneous
recording without adding any drug and analyzed these data the same way as we analyzed indi-
vidual baseline and drug pairs (as described above).

To assess stability during recordings, twenty to thirty waveforms (3 milliseconds long), each
representing a single spike, were averaged. The width and height of the averaged action poten-
tials were taken and compared between baseline and drug conditions.

Based on the list of spike rates per time point per channel, we calculated additional metrics
that highlight the spatio-temporal synchrony in the firing patterns. Custom algorithms devel-
oped in Matlab (v. 8.2, MathWorks, Natick, MA) were used to determine active firing fraction
and spatial coherence. Active firing fraction was defined as the ratio of number of channels with
spike rate > 0 to the number of total active channels, per time point. Recordings with a mean
percent firing fraction of more than 20% at baseline were considered contaminated by noise and
discarded from analysis. Spatial coherence of activity across channels was computed by calculat-
ing the r-value equating to the correlation coefficient between each channel’s spike rate (pro-
vided the rate was > 0) and the immediately adjacent electrode with the closest-matching spike
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rate, per time point. Lastly, area under the curve (AUC) of both, firing fraction, and spatial
coherence r-values along the time axis, was calculated using numerical integration, and com-
pared between baseline and drug conditions.

Pharmacological verification of neuronal origin

To verify pharmacologically that recorded waveforms classified as spikes, are indeed brain
action potentials and not myogenic potentials, we added 60 pM o-bungarotoxin (Biotium inc.
Hayward, CA) to the bath and waited until the animal was paralyzed as determined by absence
of spontaneous or mechanically-provoked movement. In parallel with confirming paralysis, we
monitored for continuous heartbeat as indication of survival. Then, we obtained recordings at
baseline and after 15 mM PTZ addition. After recordings, we checked for survival and paralysis
of the animal again. In additional experiments, we added 0.4 mM tetrodotoxin after a mini-
mum of thirty minutes of seizure-recordings in PTZ (Abcam Biochemicals, Cambridge, MA)
to the bath.

Statistics

Statistical analyses were performed using GraphPad Prism (v 6; GraphPad Software Inc,. La
Jolla, CA). Paired t-test was used to compare all outcomes of the log transformed spike rate, the
log transformed burst count, area under the curve (AUC) for active firing fraction, and spatial
coherence between the control and drug conditions.

Results
Action potential and EEG recordings

We recorded from a total of 22 larvae. Multi-unit extracellular action potentials were reliably
recorded in baseline and drug-exposed conditions for a minimum of two hours. The number
of active channels per larva ranged from 15 to 59 channels per experiment (median: 34, total
number of experiments: 22). From most channels (90%, 774 out of 860 channels) we recorded
units with bursting spontaneous activity under baseline condition (Fig 2a) and a smaller pro-
portion (10%, 86 out of 860 channels) were units, which fired continuously. After adding KCI
or PTZ to the recording chamber bath, the majority of units (in all animals) responded by
increasing firing and bursting. The raw data trace in Fig 2b shows a typical seizure starting at
about 10 minutes after PTZ application with a prolonged action potential burst followed by
short paroxysmal action potential bursts (Fig 2c) representing a seizure pattern. An example of
an EEG-recording matching a multi-unit recording during PTZ-addition is shown in Fig 3.

To illustrate how the extracellular field activity pattern changes over time with drug addi-
tion, the spike rate was plotted as a function of time. Under control or sham condition (when
no drug is added after the first 30 min of recordings), there is only steady relatively low firing
and bursting (Fig 4a). However, after adding the convulsants KCl or PTZ, there is a strong
increase in firing rate and burst rate (Fig 4b and 4c). This across-channel coherence in spike fir-
ing over time occurred in all experiments at all active channels.

Recording stability

To test recording stability between the beginning and the end of an experiment, the shape of
the recorded signals was analyzed. In Fig 5, signal quality (shape and amplitude of signal) did
not change between the beginning (baseline) and end of an experiment (after drug-addition).
This was the case for KCl (Fig 5a) as well as PTZ (Fig 5b).
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Fig 2. Provoked seizures in 5-second raw data traces of action potentials. a: Baseline activity before PTZ addition. b: A typical seizure starting with
a prolonged action potential burst 1-2 minutes after PTZ application. c: Seizures continue as short paroxysmal action potential bursts. PTZ addition leads
to a seizure firing pattern. Markings denote sustained (> 2 sec; b) versus short (< 500 ms; c) bursting.

doi:10.1371/journal.pone.0156498.g002

Firing characteristics

In 100% of experiments (assessed per fish), the spike and burst rate increased significantly
from baseline in the KCI or PTZ condition. Summary statistics including all active channels
from all animals reveal that action potential firing rate increased significantly after the addition
of 15 mM KCl or 15 mM PTZ to the bath (Fig 6a, sham: p = 0.87,n = 7; KCl: p = 0.001, n = 8;
PTZ: p =0.001, n = 7). Burst rate also increased significantly when both drugs were added,
however it did not change in the control/ sham-condition (Fig 6b, sham: p = 0.53, n = 7; KCL:

p =0.0006,n=8; PTZ: p=0.02,n=7).
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Fig 3. EEG and action potential recordings. Both EEG- and action potential recordings from zebrafish larvae can be obtained
simultaneously and correlated with each other. These recordings are taken from one channel following PTZ- administration. a: Data are
filtered to show an EEG (bandpass at 1 to 25 Hz). b: Corresponding multi-unit activity (high pass at 100 Hz).

doi:10.1371/journal.pone.0156498.g003

Active firing fraction and spatial coherence

We investigated whether convulsant administration also increases firing synchrony. Fig 7a
shows the active firing fraction (percent of channels firing per time) in a representative record-
ing wherein highly repetitive synchronous firing in multiple channels is observed after KCl
addition, relative to baseline. The 3D frame from the recording further illustrates how multiple
channels activate simultaneously in a coherent manner after KCl, as opposed to asynchronous
firing at baseline (Fig 7b).

The cumulative area under the curve (AUC) of firing fraction in the control condition did
not vary significantly between the baseline and follow up (Fig 8a, p = 0.86). However, the active
firing fraction in 1800 seconds after drug was significantly higher than that at baseline (KCL:

p =0.0009; PTZ: p = 0.002). Similarly, the AUC formed by the correlation of coefficient for
spatial coherence pattern was similar during two consecutive 1800-second segments in the con-
trol (sham) condition (Fig 8b, p = 0.19). However, the spatial coherence between channels sig-
nificantly increased with drug addition as compared to their baselines (KCL: p = 0.002; PTZ:

p = 0.02) indicating a strong spatial synchrony between channels brought out by exposure to
the drug.

Seizure recording form paralyzed larvae

Recordings from larvae paralyzed with o-bungarotoxin showed continuous robust spiking and
bursting when exposed to 15 mM PTZ similar to recordings from larvae that were not para-
lyzed (Fig 9a). Field potentials resembled multi-unit or single-unit action potentials after high
pass filtering and remained stable from the beginning to the end of the recording (Fig 9b). Data
from five fish showed significant increases in spike rate and burst rate (Fig 9c) after PTZ addi-
tion (spike rate: p = 0.04; burst rate: p = 0.02, n = 5). The addition of 0.6 mM TTX abolished
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Fig 4. Spike rate as a function of time. Spike rate is plotted as a function of time (bin size: 1s)—one channel per condition is
shown. No significant change in burst or firing rate follows a sham convulsant application (a). Epileptic activity is detected as
increased action potential firing rate and bursting after the addition of 15 mM KClI (b) or 15 mM PTZ (c). Spike rate increases

with drug addition.
doi:10.1371/journal.pone.0156498.9g004

PLOS ONE | DOI:10.1371/journal.pone.0156498 June 9, 2016 8/17



Neuronal Recordings from Larval Zebrafish

@’PLOS | ONE

a 0.02 ) Post KCI
0.01
0.00
Z -0.01
Py
§e]
2
= 0.02-
E: ! Average at baseline
0.01 - ; Average after KCl-addition
0.00 ——Af— 0.
+~Jo 1 2 3
-0.01 - _
Time (ms)
Pre Post PTZ
b
0.02
0.00
> -0.02
E
(]
§e]
2
I_El 0.02 1 Average at baseline
< Average after PTZ-addition
0.00
-0.02 - _
Time (ms)

Fig 5. Confirmation of cell stability. Top panels in (a) show representative single cell recordings before and after
KCl addition, top panels in (b) before and after PTZ addition. Bottom panels show averages of baseline and KClI
recordings (a) and of baseline and PTZ recordings (b). Dashed lines indicate the width of the averaged action
potential at half maximum of the amplitude and they approximate 1.3 ms in both recordings. Action potentials are

stable over time as indicated by the unchanged shape of the traces.

doi:10.1371/journal.pone.0156498.g005
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Fig 6. Spike rate and burst rate increase after drug-addition. a: Summary statistics of recordings from all active channels show a
significant increase (** p < 0.01) in spike rate across all experiments following KCI (p = 0.001) or PTZ addition (p = 0.001) to the bath in
contrast to the sham condition (p = 0.87). b: Summary statistics of recordings from all active channels show a significant increase (* p < 0.05,
*** p <0.001) of bursting across all experiments following KCI (p = 0.0006) and PTZ addition (p = 0.02) to the bath in contrast to the sham-
condition (p = 0.53). The addition of the chemical convulsants KCl and PTZ leads to an increase in firing and bursting of action potentials.

doi:10.1371/journal.pone.0156498.9g006
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channels per time, shows a significant increase in the number of channels that fire simultaneously after addition of KCI. b: The multi-channel activity is a
representation of 1 sec frames displaying asynchronous firing between channels at baseline which is synchronized and highly coherent across multiple
channels in the recording grid after adding KCl to the bath.

doi:10.1371/journal.pone.0156498.g007

firing (Fig 10), which suggests that voltage-gated sodium channels typically involved in action
potential generation were blocked.

Animal survival

All larvae survived the experiment, and were swimming freely for at least 2 hours after the
experiment. Fourteen larvae were monitored for long term survival following a minimum of a
two-hour recording session unexposed to either KClI or PTZ; minimum observation time after
recording was 24 hours. Of these, 12 were alive at least for 24 hours (maximum 10 days),
though two larvae expired between the 2-hour and 24-hour observation. All surviving larvae
maintained an upright position and responded to mechanical tapping near their bodies with a
startle response or swam freely (just as unexposed and unrecorded larvae) 24 hours after
recording time.

Discussion

This is the first report of multi-electrode extracranial recordings of epileptic seizures in zeb-
rafish larvae, which allows the survival of the animal for ongoing studies. A major advantage
of this recording method in larval zebrafish is the use of an array of surface electrodes to
record simultaneously from multiple brain regions. As we record from multiple channels,
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doi:10.1371/journal.pone.0156498.9g008
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Fig 9. Paralyzing larvae for recordings leads to similar results described for unparalyzed animals. a: Spike rate
plotted as a function of time (one channel shown). Recordings are made from a paralyzed larva (using 60 uM a-
bungarotoxin) before and after PTZ addition. b: Spikes remained stable at the beginning of the PTZ addition and 3600 s

later similar to recordings in larvae that were not paralyzed. ¢: Firing rate (p = 0.04, n = 5) and burst count (p =

0.02,n =5)

of recordings shown in (a) increase significantly (* p < 0.05) with PTZ addition in paralyzed larvae just as in unparalyzed

animals.

doi:10.1371/journal.pone.0156498.9g009
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Fig 10. Addition of TTX to seizing larvae abolishes spiking. Spike rate plotted as a function of time (one channel shown). Recordings are made
before and after PTZ addition. The addition of 0.4 mM TTX at 3900 s abolished firing. These experiments demonstrate a high likelihood that recorded
signals arise from neurons firing action potentials (in contrast to myogenic potentials arising from tail-movements).

doi:10.1371/journal.pone.0156498.g010

our MEA-based method enables not only measures of changes in neuronal firing rate and
pattern, but also seizure-related measures of neuronal synchrony across regions—all findings
indicative of epileptic seizures [20] and provoked by common chemoconvulsants used in our
experiments. In our approach, we quantify synchrony and excess electrical activity by defined
parameters, such as spike rate, burst rate, and spatial coherence, in contrast to qualitative
assessments of recording traces used in prior studies [1, 21-23]. In addition we note that the
MEA-based recording protocol enables seizure detection by either extracellular multi-unit or
EEG recordings from the same preparation.

Although this is not the only method which does not require the placement of an electrode
into the larval head [6], our noninvasive protocol also minimizes potential brain injury that
may provoke abnormal neuronal behavior. Another advantage of this method where the larva
are restrained mechanically, is that it does not require paralytics or embedding the larvae in
agar, thus further increasing the chance of survival.

MEA systems (used for electrophysiological recordings from isolated brain slices or cultured
neurons) are increasingly commonly used recording systems in neuroscience laboratories and
can thus be readily applied to recordings from zebrafish larvae. They are relatively straightfor-
ward to establish, since they require less noise-optimization due to mechanical stability and
integrated equipment. For example, common components typically used in extracellular
recording rigs, such as manipulators, head stages, and expensive isolation-vibration tables, that
would each normally have to be stabilized and grounded, are not required elements of MEA
recording systems. Thus, we are hopeful that our method will be adopted by investigators who
currently have access to MEA equipment.

Stability during recordings from the brain was achieved as demonstrated by unchanged sig-
nal quality (no loss in amplitude or change in shape during recordings of at least one hour, see
Fig 5). The skull of a larva at 4 to 5 dpf is thin enough (less than 50 um, [24]) to record action
potentials including both multi-unit and single-units. Representative examples of single units
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are shown in Figs 5a and 5b and 8b and the morphology and duration at half maximum of the
average action potentials are falling well within the range of extracellularly-recorded vertebrate
action potentials in terms spike amplitude and duration [1, 25]. The difference in shape
between the action potentials shown in Figs 5 and 9b can mostly be attributed to the relative
distance of the spike to the soma of the neuron, as has been reported by others [5]. Further, as
we are recording from the surface of an intact fish, to address potential concerns that we might
be recording myogenic signal, we applied o-bungarotoxin and showed that our results are con-
sistent with or without paralysis of the larvae. Given the similarity in recordings between the
paralyzed and non-paralyzed conditions, we conclude that our method detects neuronal signal
that is not contaminated by muscle artifact.

As had been done for the previously established single-channel invasive recording method
for larval zebrafish, we demonstrated that seizures are reliably provoked by the chemoconvul-
sants PTZ and KCl exposure. Neuronal firing and bursting increased significantly, as did spa-
tial and temporal coherence—all parameters together (quantified for the first time in a
zebrafish preparation) indicating the increased neuronal synchrony and excitability that char-
acterizes epilepsy and correlating with the observation of behavioral seizures in larvae exposed
to the same concentrations of PTZ and KCL

Study limitations

There are a few limitations of our method that should be noted. The electrode grid is large
enough to overlap with structures of the head (e.g., eyes), or parts of the brain, such as the
medulla or cerebellum that are not known to show epileptic activity in fish in contrast to the
telencephalon or the tectum [1]. However, we deliberately included all brain areas for analysis,
assuming that it is possible to induce epilepsy also in areas besides the telencephalon and tec-
tum using chemoconvulsants. In future studies, one could easily exclude channels located
more caudally or at the location of the eyes from data analysis, if desired.

Furthermore, we are not able to modify the electrode position to deeper areas of the brain or
to very confined areas or specific nuclei within the brain. Yet, the advantage of this method is
that it is non-invasive, and we prioritized this feature over recording directly of deeper struc-
tures, analogous to what is done routinely in human electroencephalography.

Electrodes in the array that we used are of low impedance, thus we are able to record EEGs,
as well as action potentials under very low noise-condition. However, it is not possible to
always isolate single units based on amplitude in those recordings. If desired, though beyond
the scope of this, it is possible to isolate units through spike sorting based on spike shape
differences.

Future directions

As an application of this MEA recording protocol for larval zebrafish, we propose to use this
method to screen for epileptic seizures, or abnormal electrical activity suggestive of a tendency
to seizures, in zebrafish larval models of known and candidate epilepsy genes. In parallel with
behavioral seizure observations, we will use this method to confirm the presence of
electrophysiological abnormalities in such models and their response to candidate antiepileptic
drugs. Since our method is noninvasive and many larvae survived experiments at least for two
days (maximum ten days so far), we have the possibility as well to conduct longitudinal experi-
ments, to either record serially form the same fish, or to enable the larva to mature after record-
ing and observe long-term effects of seizures or other manipulations conducted during the
MEA recording session.
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In conclusion, we have established a noninvasive multi-electrode recording technique that
can be adopted by many neuroscience laboratories to detect seizures in larval zebrafish, plausi-
bly coupled with high-throughput antiepileptic drug screening protocols, as has been proposed
in analogous zebrafish epilepsy model research [4, 10, 18]. Our noninvasive recording protocol
affords the ability to conduct serial experiments on the same larvae. Coupled with genetic tech-
niques and behavioral analysis of genetic models of epilepsy, this method will be useful in the
establishing and evaluating genetic models in which to test novel antiepileptic drugs for genetic
and other forms of epilepsy.

Acknowledgments

We thank Scott Baraban for helpful discussions and advice.

This work was supported by the Richard A. and Susan F. Smith President's Innovation
Award, and the Boston Children’s Hospital Translational Research Program (AP, AR). Related
research in Dr. Rotenberg’s laboratory includes support from the NTH NINDS R01NS088583
and NIMH R01100186, Sage Therapeutics, Neuroelectrics Inc., Massachusetts Life Sciences
Foundation, Autism Speaks and the Assimon Family Fund. A.P. was supported by the National
Institute of Neurological Disorders and Stroke (NINDS K23NS069784).

Author Contributions

Conceived and designed the experiments: MM AP AR. Performed the experiments: MM AR.
Analyzed the data: MM SCD AR. Contributed reagents/materials/analysis tools: MM SCD
CML DT AP AR. Wrote the paper: MM SCD CML AP AR.

References

1. Baraban SC, Taylor MR, Castro PA, Baier H. Pentylenetetrazole induced changes in zebrafish behav-
ior, neural activity and c-fos expression. Neuroscience. 2005; 131(3):759-68. doi: 10.1016/j.
neuroscience.2004.11.031 PMID: 15730879.

2. Baraban SC. Emerging epilepsy models: insights from mice, flies, worms and fish. Current opinion in
neurology. 2007; 20(2):164-8. doi: 10.1097/WCO.0b013e328042bae0 PMID: 17351486; PubMed
Central PMCID: PMC4362672.

3. Berghmans S, HuntJ, Roach A, Goldsmith P. Zebrafish offer the potential for a primary screen to iden-
tify a wide variety of potential anticonvulsants. Epilepsy research. 2007; 75(1):18-28. Epub 2007/05/
09. doi: 10.1016/j.eplepsyres.2007.03.015 PMID: 17485198.

4. Baxendale S, Holdsworth CJ, Meza Santoscoy PL, Harrison MR, Fox J, Parkin CA, et al. Identification
of compounds with anti-convulsant properties in a zebrafish model of epileptic seizures. Disease mod-
els & mechanisms. 2012; 5(6):773-84. doi: 10.1242/dmm.010090 PMID: 22730455; PubMed Central
PMCID: PMC3484860.

5. Buzsaki G, Anastassiou CA, Koch C. The origin of extracellular fields and currents—EEG, ECoG, LFP
and spikes. Nature reviews Neuroscience. 2012; 13(6):407—20. doi: 10.1038/nrm3241 PMID:
22595786.

6. Zdebik AA, Mahmood F, Stanescu HC, Kleta R, Bockenhauer D, Russell C. Epilepsy in kcnj10 mor-
phant zebrafish assessed with a novel method for long-term EEG recordings. PloS one. 2013; 8(11):
€79765. doi: 10.1371/journal.pone.0079765 PMID: 24244558; PubMed Central PMCID: PMC3828195.

7. Peterson RT, Macrae CA. Systematic approaches to toxicology in the zebrafish. Annual review of phar-
macology and toxicology. 2012; 52:433-53. doi: 10.1146/annurev-pharmtox-010611-134751 PMID:
22017682.

8. Moorman SJ. Development of sensory systems in zebrafish (Danio rerio). ILAR journal / National
Research Council, Institute of Laboratory Animal Resources. 2001; 42(4):292—-8. PMID: 11581521.

9. Lewis KE, Eisen JS. From cells to circuits: development of the zebrafish spinal cord. Progress in neuro-
biology. 2003; 69(6):419-49. PMID: 12880634.

10. Baraban SC, Dinday MT, Castro PA, Chege S, Guyenet S, Taylor MR. A large-scale mutagenesis
screen to identify seizure-resistant zebrafish. Epilepsia. 2007; 48(6):1151—7. doi: 10.1111/.1528-1167.
2007.01075.x PMID: 17521353; PubMed Central PMCID: PMC2211740.

PLOS ONE | DOI:10.1371/journal.pone.0156498 June 9, 2016 16/17


http://dx.doi.org/10.1016/j.neuroscience.2004.11.031
http://dx.doi.org/10.1016/j.neuroscience.2004.11.031
http://www.ncbi.nlm.nih.gov/pubmed/15730879
http://dx.doi.org/10.1097/WCO.0b013e328042bae0
http://www.ncbi.nlm.nih.gov/pubmed/17351486
http://dx.doi.org/10.1016/j.eplepsyres.2007.03.015
http://www.ncbi.nlm.nih.gov/pubmed/17485198
http://dx.doi.org/10.1242/dmm.010090
http://www.ncbi.nlm.nih.gov/pubmed/22730455
http://dx.doi.org/10.1038/nrn3241
http://www.ncbi.nlm.nih.gov/pubmed/22595786
http://dx.doi.org/10.1371/journal.pone.0079765
http://www.ncbi.nlm.nih.gov/pubmed/24244558
http://dx.doi.org/10.1146/annurev-pharmtox-010611-134751
http://www.ncbi.nlm.nih.gov/pubmed/22017682
http://www.ncbi.nlm.nih.gov/pubmed/11581521
http://www.ncbi.nlm.nih.gov/pubmed/12880634
http://dx.doi.org/10.1111/j.1528-1167.2007.01075.x
http://dx.doi.org/10.1111/j.1528-1167.2007.01075.x
http://www.ncbi.nlm.nih.gov/pubmed/17521353

@’PLOS ‘ ONE

Neuronal Recordings from Larval Zebrafish

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Baraban SC, Dinday MT, Hortopan GA. Drug screening in Scn1a zebrafish mutant identifies clemizole
as a potential Dravet syndrome treatment. Nature communications. 2013; 4:2410. doi: 10.1038/
ncomms3410 PMID: 24002024; PubMed Central PMCID: PMC3891590.

Brouns SJ, Jore MM, Lundgren M, Westra ER, Slijkhuis RJ, Snijders AP, et al. Small CRISPR RNAs
guide antiviral defense in prokaryotes. Science. 2008; 321(5891):960—4. doi: 10.1126/science.
1159689 PMID: 18703739.

Gasiunas G, Barrangou R, Horvath P, Siksnys V. Cas9-crRNA ribonucleoprotein complex mediates
specific DNA cleavage for adaptive immunity in bacteria. Proceedings of the National Academy of Sci-
ences of the United States of America. 2012; 109(39):E2579-86. doi: 10.1073/pnas.1208507109
PMID: 22949671; PubMed Central PMCID: PMC3465414.

Hwang WY, Fu Y, Reyon D, Maeder ML, Kaini P, Sander JD, et al. Heritable and precise zebrafish
genome editing using a CRISPR-Cas system. PloS one. 2013; 8(7):e68708. doi: 10.1371/journal.pone.
0068708 PMID: 23874735; PubMed Central PMCID: PMC3706373.

Hwang WY, Fu Y, Reyon D, Maeder ML, Tsai SQ, Sander JD, et al. Efficient genome editing in zebra-
fish using a CRISPR-Cas system. Nature biotechnology. 2013; 31(3):227-9. doi: 10.1038/nbt.2501
PMID: 23360964; PubMed Central PMCID: PMC3686313.

Gagnon JA, Valen E, Thyme SB, Huang P, Akhmetova L, Pauli A, et al. Efficient mutagenesis by Cas9
protein-mediated oligonucleotide insertion and large-scale assessment of single-guide RNAs. PloS
one. 2014; 9(5):€98186. doi: 10.1371/journal.pone.0098186 PMID: 24873830; PubMed Central
PMCID: PMC4038517.

Sander JD, Joung JK. CRISPR-Cas systems for editing, regulating and targeting genomes. Nature bio-
technology. 2014; 32(4):347-55. doi: 10.1038/nbt.2842 PMID: 24584096; PubMed Central PMCID:
PMC4022601.

Afrikanova T, Serruys AS, Buenafe OE, Clinckers R, Smolders I, de Witte PA, et al. Validation of the
zebrafish pentylenetetrazol seizure model: locomotor versus electrographic responses to antiepileptic
drugs. PloS one. 2013; 8(1):€54166. doi: 10.1371/journal.pone.0054166 PMID: 23342097; PubMed
Central PMCID: PMC3544809.

Ramanjaneyulu R, Ticku MK. Interactions of pentamethylenetetrazole and tetrazole analogues with the
picrotoxinin site of the benzodiazepine-GABA receptor-ionophore complex. European journal of phar-
macology. 1984; 98(3—4):337—45. PMID: 6327331.

Fisher RS, van Emde Boas W, Blume W, Elger C, Genton P, Lee P, et al. Epileptic seizures and epi-
lepsy: definitions proposed by the International League Against Epilepsy (ILAE) and the International
Bureau for Epilepsy (IBE). Epilepsia. 2005; 46(4):470-2. doi: 10.1111/j.0013-9580.2005.66104.x
PMID: 15816939.

Baraban SC. Forebrain electrophysiological recording in larval zebrafish. Journal of visualized experi-
ments: JoVE. 2013;(71: ). doi: 10.3791/50104 PMID: 23380808; PubMed Central PMCID:
PMC3582514.

Hortopan GA, Dinday MT, Baraban SC. Zebrafish as a model for studying genetic aspects of epilepsy.
Disease models & mechanisms. 2010; 3(3—4):144-8. doi: 10.1242/dmm.002139 PMID: 20212082.

Zhang Y, Kecskes A, Copmans D, Langlois M, Crawford AD, Ceulemans B, et al. Pharmacological
characterization of an antisense knockdown zebrafish model of Dravet syndrome: inhibition of epileptic
seizures by the serotonin agonist fenfluramine. PloS one. 2015; 10(5):e0125898. doi: 10.1371/journal.
pone.0125898 PMID: 25965391; PubMed Central PMCID: PMC4428833.

Neuhauss SC, Solnica-Krezel L, Schier AF, Zwartkruis F, Stemple DL, Malicki J, et al. Mutations affect-
ing craniofacial development in zebrafish. Development. 1996; 123:357—-67. PMID: 9007255.

Bean BP. The action potential in mammalian central neurons. Nature reviews Neuroscience. 2007; 8
(6):451-65. doi: 10.1038/nm2148 PMID: 17514198.

PLOS ONE | DOI:10.1371/journal.pone.0156498 June 9, 2016 17/17


http://dx.doi.org/10.1038/ncomms3410
http://dx.doi.org/10.1038/ncomms3410
http://www.ncbi.nlm.nih.gov/pubmed/24002024
http://dx.doi.org/10.1126/science.1159689
http://dx.doi.org/10.1126/science.1159689
http://www.ncbi.nlm.nih.gov/pubmed/18703739
http://dx.doi.org/10.1073/pnas.1208507109
http://www.ncbi.nlm.nih.gov/pubmed/22949671
http://dx.doi.org/10.1371/journal.pone.0068708
http://dx.doi.org/10.1371/journal.pone.0068708
http://www.ncbi.nlm.nih.gov/pubmed/23874735
http://dx.doi.org/10.1038/nbt.2501
http://www.ncbi.nlm.nih.gov/pubmed/23360964
http://dx.doi.org/10.1371/journal.pone.0098186
http://www.ncbi.nlm.nih.gov/pubmed/24873830
http://dx.doi.org/10.1038/nbt.2842
http://www.ncbi.nlm.nih.gov/pubmed/24584096
http://dx.doi.org/10.1371/journal.pone.0054166
http://www.ncbi.nlm.nih.gov/pubmed/23342097
http://www.ncbi.nlm.nih.gov/pubmed/6327331
http://dx.doi.org/10.1111/j.0013-9580.2005.66104.x
http://www.ncbi.nlm.nih.gov/pubmed/15816939
http://dx.doi.org/10.3791/50104
http://www.ncbi.nlm.nih.gov/pubmed/23380808
http://dx.doi.org/10.1242/dmm.002139
http://www.ncbi.nlm.nih.gov/pubmed/20212082
http://dx.doi.org/10.1371/journal.pone.0125898
http://dx.doi.org/10.1371/journal.pone.0125898
http://www.ncbi.nlm.nih.gov/pubmed/25965391
http://www.ncbi.nlm.nih.gov/pubmed/9007255
http://dx.doi.org/10.1038/nrn2148
http://www.ncbi.nlm.nih.gov/pubmed/17514198

